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(S) Probe for photoacoustic analysis. 



© A probe (15) for quantitative detection of the concentration of an analyte in a sample (12) includes a 
hollow elongated body (14) adapted for single ended contact with the sample. The body (14) has at least 
one optical fiber extended through the body (14) for transmitting modulated light (26) through the body 
(14), out a window at the forward end of the body (14), and along an optical axis (25) into the sample (12) 
to optically excite the analyte. A pressure transducer (34) mounted beyond the window and spaced 
laterally away from the optical axis (25) detects an acoustic response of the analyte to the modulated 
light. This probe is particularly suitable for performing remote photoacoustic analysis of analyte 
concentration in a sample. 
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This invention relates to a probe for optically exci- 
ting a sample and then detecting the photoacoustic 
response of a light absorbing analyte in the sample. 

In many industrial applications, it is necessary to 
detect a concentration of an analyte in a sample, the 
sample being a liquid, gas or solid and the concen- 
trations ranging from parts per billion to 100%. This 
invention relates to the remote detection and subse- 
quent quantitative analysis that is necessary to deter- 
mine the concentration of an analyte in a sample. 
Remote detection and analysis is typically necessary 
when, due to the chemical makeup of the sample or 
the commercial application for the analyte, intrusive or 
invasive detection and analysis would be either 
impractical or dangerous. 

One method of detecting concentrations of an 
analyte in a sample is referred to as photoacoustic 
analysis. In photoacoustic analysis, the concentration 
of an analyte in a sample is determined by measuring 
the acoustic response of the sample after excitation 
by a modulated incident light of known wavelength. 
The magnitude of the acoustic response is a function 
of the concentration of the analyte within the sample. 
As the concentration of an analyte within the sample 
increases, an acoustic response of greater magnitude 
is detected. By establishing a reference magnitude for 
a known concentration(s) of a particular analyte in a 
particular sample, other unknown concentrations of 
the same analyte and sample can be subsequently 
determined. 

There are a number of practical limitations 
associated with photoacoustic detection of an analyte 
in a sample, particularly if the sample is flowing liquid 
or gas. For instance, it can be extremely difficult to 
direct a modulated incident light into a flowing sample 
in a manner which produces an interference-free 
photoacousttcally detectable signal or response. 
Many attempts to provide a sufficiently interference 
free signal involve routing of the sample through an 
isolated chamber and then returning the sample to its 
normal flow path, with optical excitation and photo- 
acoustic detection occurring in the chamber. This 
enables detection of a component concentration in a 
liquid sample while it is in a flowing state. U.K. Patent 
Application No. 2,089,041 A discloses such a device. 
Also, see United States Patent 3,938,365. 

For many volatile and/or dangerous solutions, 
tapping into a sample line or pipe and rerouting the 
flow path of the sample in this manner can be cumber- 
some and/or expensive. However, unless the sample 
can be isolated in this manner, or in a similar manner, 
it is difficult to coordinate the directing of modulated 
light into the sample in a manner that will produce an 
interference-free photoacoustic response signal. 

It is therefore an object of this invention to provide 
an improved apparatus for remotely directing modu- 
lated light into a sample to p note-acoustically detect 
low concentrations of an analyte within the sample. 



It is another object of the invention to provide an 
apparatus for non-invasive, interference free photo- 
acoustic detection of the concentration of an analyte 
in a volatile and/or dangerous sample without requir- 
5 ing sample rerouting or removal. 

It is still another objective of the invention to pro- 
vide a relatively inexpensive, improved apparatus for 
effectively and conveniently coordinating optical exci- 
tation and acoustic detection of a sample in order to 
10 quantitatively measure low concentrations of an ana- 
lyte in the sample. 

In particular, the invention is a photoacoustic 
analysis probe, comprising: (1) a body, the body being 
hollow and having a forward end; (b) a window, the 
is window being sealed to the body near the forward end 
of the body; (c) an optical fiber, the optical fiber exten- 
ded into the body and terminating within the body near 
the window so that modulated light can be directed 
along the optical fiber, through the window and then 
20 along an optical axis extending from the window and 
through a sample surrounding the forward end of the 
body; characterized by (d) means for photoacoustic 
detection located within the body and adjacent the 
optical axis for detecting an acoustic response of the 
25 sample to the modulated light 

Fig. 1 is a schematic showing the components of 

a photoacoustic analysis system in accordance 

with a preferred embodiment of the invention; 

Fig. 2 is a cross-sectional view taken along line 2- 
30 2 of Fig. 1; 

Fig. 3 is an enlarged view of a single ended probe 

depicted in Fig. 1; and 

Fig. 4 is a cross-sectional view taken along lines 
4-4 of Fig. 3. 

35 Fig. 1 illustrates a preferred embodiment of the 

invention comprising a photoacoustic detection sys- 
tem 10 useful for determining the concentration of an 
analyte in a liquid sample 12 flowing through a pipe 
1 1, for example. For this purpose, one end of a probe 

40 1 5 is placed directly in contact with the sample 1 2. The 
probe 15 includes an elongated, hollow body 14 with 
a length of about 30 centimeters. According to this 
embodiment, the probe 1 5 includes a flange 1 7 bolted 
to a corresponding flange 1 8 of an outlet port 1 9 in the 

45 pipe 11. During times when analysis is not taking 
place, the probe 15 may be withdrawn and outlet port 
19 capped off, or plugged in any suitable manner to 
prevent leakage. 

During analysis, light directed from a flash lamp 

so 23 initially follows a path indicated by directional 
arrow 26 onto a lens 27, preferably a 25.0 milimeter 
(mm) plano-convex silica lens. This lens 27 focuses 
the light upon a wide bandpass 225 nanometer filter 
29. Some of the light is conveyed via a fiberoptic cable 

55 22 through a rearward end 24 of the body 14, through 
a window (not shown in Fib. 1) located at the forward 
end of the probe 15, and into the sample 12 along an 
optical axis 25. Fig. 2 is a cross-sectional view of the 
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cable 22 and shows three optical fibers 22a. Referring 
again to Fig. 1, a portion of the light from the source 
23 is also conveyed by an optical fiber or cable 32 to 
a photodiode 31, which is connected to an input of one 
of the vertical channels of an oscilloscope 41 . Prefer- 
ably, a bifurcated cable is used, with the trunk end of 
the cable connected to filter 29 and cable 32 serving 
as one branch for directing modulated light to photo- 
diode 31 and cable 22 serving as the other branch for 
directing the modulated light to the probe 1 5. The filter 
29 prevents individual fibers of cables 22 and 32 from 
degrading due to prolonged UV exposure. The indivi- 
dual fibers of the fiber cables 22 and 32 may be of vari- 
ous diameters. Moreover, cables containing any 
number of optical fibers may be used, although a 
single optical fiber with a single insulation tube seems 
to provide optimum results. 

The flash lamp 23 may be a short arc (3 mm) 
Xenon flash lamp. Flash durations of 10 micro- 
seconds may be obtained by discharging 5.5 joules of 
energy to the bulb of the flash lamp 23 from an exter- 
nal 12 microfarad capacitor (not shown) charged to 
950 volts. A square wave generator may be used to 
send trigger pulses to the flash lamp 23. Trigger 
pulses with a 5.0 volt amplitude, a 200 microsecond 
duration, and 200 millisecond delay times can be 
used. Typical flash rates of 3-5 Hertz (Hz) may be 
achieved by setting the frequency dial of the square 
wave generator to 0.15 - 0.25 x 10 4 kHz. 

The directing of modulated light into the sample 
generates a sound wave or pulse in a light absorbing 
analyte within the sample. The sound waves are 
detected by a pressure transducer 34, preferably a 
piezoelectric detector, which is located beyond the 
window and spaced laterally away from the optical 
axis 25. 

In response to acoustic detection, the transducer 
34 generates an electrical signal that is relayed 
through the body 14 by an electrical lead 38 for input 
into a preamplifier 40. The amplified signal is then 
inputted to another of the vertical channels of the 
oscilloscope 41. A voltage corresponding to the 
acoustically detected response can be displayed and 
measured on the oscilloscope 41, and subsequently 
transmitted via an electrical cable 43 to a computer 
44. If desired, the time varying voltage may be recor- 
ded or stored by the computer 44 and subsequently 
printed by a printer 46 connected to the computer 44. 

The acoustically detected waveforms obtained 
from the probe 1 5 typically comprise several superim- 
posed frequencies that are proportional to the pipe 1 1 
dimensions or the dimensions of a cell which holds the 
sample. The amplitudes of the high frequency (150 
kHz) acoustically detected waveforms may be used 
for concentration measurements by normalizing 
these waveforms against the amplitude of the photo- 
diode-generated electrical signal. 

Fig. 3 depicts, in greater detail, a preferred embo- 



diment of the forward end of the probe 15. A cap 35 
is located at the forward end of the probe 15. The cap 
35 may be integrally formed with the body 1 4 or simply 
connectable thereto. Preferably, both the cap 35 and 

5 the body 14 are of stainless steel, and the cap 35 is 
threadably connected to the body 14. A window or 
lens 40a is located in the center of the cap 35 in align- 
ment with optical axis 25. The lens 40a is preferably 
piano convex in shape, made of sapphire and has a 

w thickness of about 5 mm with a focal length of about 
9 mm. The lens 40a reduces light beam divergence, 
orcoilimates the light, as it is directed into the sample. 
The cap 35 also includes a longitudinal, hollow, 
annutus portion 47 that extends beyond the lens 40a 

is and which houses the transducer 34. The annulus 
portion 47 has a longitudinally extending inner wall 48 
and an outer wall 49. Preferably, the annulus portion 
47 has a longitudinal dimension of about 15 mm, and 
the radial distance between the wall 48 and the wall 

20 49 is about 8 mm. This places the Inner wall 48 a radial 
distance of about 5 mm from the optical axis 25. 

As shown more clearly in Fig. 4, the piezoelectric 
transducer 34 is mounted flush against a backside 
surface 50 of the inner wall 48, and is oriented perpen- 

25 dicular to optical axis 25, thereby optimizing acoustic 
sensitivity. The transducer 34 is preferably held 
against back side surface 50 by a leaf spring 65. The 
transducer 34 is also mounted to a lead backing 51 
that is connected to an electrical lead 38 which 

30 extends along the length of the probe body 14 and out 
rearward end 24. In order to measure a voltage, or a 
potential difference with respect to ground, a second 
lead (not shows) serves as the ground reference and 
is connected separately to an outer surface 52 of the 

35 probe body 14. 

The fiberoptic cable 22 extends through the body 
14 into a hollow mounting ring 55 which is frictionally 
held on its external surface by another ring 56 that 
threadably connects within a core section 58 of the 

40 cap 35. The sapphire lens 40a is held in place by a cir- 
cular flange 49 at the forward end of core 58 and by 
two O-rings, 60 and 61. This overall structure places 
the lens 40a about 9 mm, i.e., its focal length, from the 
end of cable 22, and it also prevents sample leakage 

45 into the probe body 14. Moreover, O-rings 60 and 61 
acoustically isolate the light delivery system to sub- 
stantially reduce adverse effects that may otherwise 
be caused by undesired photoacoustic detection of 
scattered light transmitted through the fiber bundle 

50 22. 

Although the probe 15 as shown in Fig. 1 is adap- 
ted for in-line photoacoustic analysis of a liquid 
sample flowing through the pipe 11, it is to be under- 
stood that the forward probe end could also be placed 
55 directly in a nonflowing pool of the liquid sample, or 
the probe body 14 mounted to an enclosed, sample 
holding device or cell. Additionally, the forward probe 
end could be positioned in contact with either a solid 
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sample or a gas sample. In the case where a gas 
sample is to be monitored, as in smokestack emis- 
sions, a microphone would be the preferred pressure 
transducer rather than the piezoelectric sensor. 

Moreover, it is understood this invention also con- 5 
templates various other acoustic and sensor configu- 
rations. One advantage associated with the particular 
embodiment of the invention shown in Figs. 1, 3 and 
4 relates to the fact that the acoustic sensor geometry 
substantially matches the optically-generated acous- 10 
tic wave geometry. That is, the semicircular shape of 
the sensor places all points on its surface substan- 
tially equidistant from the optical axis traversed by the 
light beam, thereby maximizing sensitivity. Neverthe- 
less, numerous other geometric orientations of the 15 
acoustic sensor with respect to the optical axis would 
be suitable, and within the scope of the claims. 

While a preferred embodiment of the invention 
has been described, other modifications and advan- 
tages will become readily apparent to one of ordinary 20 
skill in the art without departing from the scope of the 
invention, and applicant intends to be bound only the 
claims appended hereto. 

25 

Claims 

1. A photoacoustic analysis probe (1 5), comprising 

(a) a body (14), the body (14) being hollow and 
having a forward end; 30 

(b) a window (40a), the window (40a) being 
sealed to the body (14) near the forward end 
of the body (14); 

(c) an optical fiber (22a), the optical fiber (22a) 
extended into the body (14) and terminating 35 
within the body (14) near the window (40a) so 

that modulated light (26) can be directed along 
the optical fiber (22a), through the window 
(40a) and then along an optical axis (25) 
extending from the window (40a) and through 40 
a sample (12) surrounding the forward end of 
the body (14); characterized by 

(d) means for photoacoustic detection (34) 
located within the body (14) and adjacent the 
optical axis (25) for detecting an acoustic res- 45 
ponse of the sample to the modulated light. 

2. The probe (1 5) of Claim 1 , wherein the means for 
photoacoustic detection (34) has a longitudinal 

axis that is parallel with the optical axis (25). 50 

3. The probe (1 5) of Claim 2, wherein the means for 
photoacoustic detection (34) is a pressure trans- 
ducer. 

55 

4. The probe (1 5) of Claim 2, wherein the means for 
photoacoustic detection (34) is a microphone. 
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